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ABSTRACT 



An improved and novel fabrication method for a magnetic 
element, and more particularly a magnetic element (10) 
including a first electrode (14), a second electrode (18) and 
a spacer layer (16). The first electrode (14) includes a fixed 
ferromagnetic layer (26) having a thickness V A second 
electrode (18) is included and comprises a free ferromag- 
netic layer (28) having a thickness t^. A spacer layer (16) is 
Located between the fixed ferromagnetic layer (26) and the 
&ee ferromagnetic (28) layer, the spacer layer (16) having a 
thickness \& where O.TSt^^-cll^ thereby producing near 
zero magnetic field at the free ferromagnetic layer (28). 

18 Claims, 3 Drawing Sheets 
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MAGNETIC ELEMENT WITH IMPROVED is the cause of magnetic coupling between the free ferro- 

FIELD RESPONSE AND FABRICATING magnetic layer and the other ferromagnetic layers, such as 

METHOD THEREOF the fixed layer or pinned layer, which is known as topologi- 
cal coupling or Noel's orange peel coupling. Such coupling 

HELD OF THE INVENTION ;s is typically undesirable in magnetic elements because it 

™ , , , . r- cxeales an oflset in the response of the free layer to an 

The present invention relates to magnetic elements tor ^~~] ~!v field 

information storage and/or sensing and a fabricating method external magnetic new 

thereof; and moreWtkndaxly, to a method of fabricating and The ferromagnetic coupling strength is proportional to 

thus denning the magnetic element to improve magnetic siirfece magnetic charge d<^ 

A 1H * 10 of an exponential of the inter layer thickness As disclosed m 

response. y g ^ ^ 5>TOtf6 ^ Jim. 9, 1998, and entitled 

BACKGROUND OF THE INVENTION "MAGNETIC TUNNEL JUNCTION DEVICE WITH 

_ . j * u~*~nu.* NONFERROMAGNETIC INTERFACE LAYER FOR 

Tins appLicauon is related to a co^en^ng^^Uoa that IMPROVED MAGNETIC FIELD RESPONSE", by adding 

SoD TO^^-^d on iW 31 1998 Ls£*d to 111111161 barricr 111 a m ^ cric tunnel junction structure, hence 

METHOD THEREOF filed on i^ifi. 31, ass^nea to m ^ thc separation between the magnetic layers, 

the same assignee and incorporated herein by this reference, t , ~f * - ^\ ^i^L^Ii 

™ n c An9A reduced ferromagnetic orange peel coupling, or topological 

copending ipphcitian thai hears U.S. rat. No. . r , 

FILMS 'filed on Dec. S, 1997, assigned to the same assignee \ 7 . ", - _ f T • 1 : 

andfacorponUod hmta by to reference and issued US. d «» dB ^vic^rfonuance In adchUon, d» 

St. No. 5J68.181, flitted "MAGNETIC DEVICE HAV- ™" *• CQm P leIDl >' for etchm e thc 

ING MULTI-LAYER WITH INSULATING AND CON- ma,cria1 ' . , 

DUCTIVE LAYERS", issued Jim. 16. 1998. assigned to the , c Accordingly, il is a purple of the pr«ent Benton to 

sune assigne* and incorporated herein by this reference. 25 P™* «» improved magnetic elemeot wtfh unproved field 

Typically, a magnetic element, such as a magnetic "'^^ rf,te present invention to provide an 

memory element, has a structure that includes ferromagnetic . 13 ^ ^ F . Jf\ . . . ^ 

layers wparated by a non-magnetic layer. Information is unproved magnetic clement ^t includes reduced ferromag. 

. j Bip^aicu uy a uwu iuo&i*iiv ^ coupling, more particularly ferromagnetic coupling of 

stored as directions of magnetization vectors in magnetic ^ ~\ wu r-""*» ^ 7 b r & 

Layers. Magnetic vectors in one magnetic Layer, for instance, topological onpn. 

arc magnetically fixed or pinned, while the magnetization It * * st»U P™P<x* of the present invention to 

direction^ the other magnetic laver is free to switch P*™** * mcth " d of fomiin S a magnetic element with 

between thc same and opposite directions tbat are caUed improved field response. 

"Parallel" and "Antiparaliel" states, respectively. In „ Il is Bull a fiuthar purpose of the present invention to 

response to Parallel and Antiparallcl states, the magnetic provide a method of forming a magnetic element wilh 

memory element represents two different resistances. The improved field response which is amenable lo high through- 

resdstanoe has minimum and maximum values when the put manufacturing. 

magnetization vectors of the two magnetic layers point in SUMMARY OF THE INVENTION 

substantially the .same > and or^o^ miection^ respectively. 40 sutetantiaOy met through 

Accordingly, a detection of changes in resistance allows a . . ™ , t * " V e t .i^^jT 

, . , T 6 . . . . r ■ provision of a maenetic clement irjcluoing a Drst electroae, 

device, such as an MRAM device, to provide informanon ^ l " , * _* , i . ^ ™^ fi-ot 

* • , • l\^~7^t a;& ~ a second electrode and a spacer layer. The first electrode 

stored in the magnetic memory element. Ine diiicrcncc . „ . . , _ 5 . J . . - 

, , - . . , . includes a fixed ferromagnetic layer whose magnetization ts 

between the minimum and maximum resistance values, ^w-^^^ . p ... 

. . . 4 _ . . ^ R , f . ^ * axed in a u referred direction in the presence of an applied 

divided by the minimum resistance is known as the mag- A< "/ , , K , . . ^ ,1 - ^ 

45 magneUc field, the fixed ferromagnetic Layer having a thick- 

netoresiBtance ratio (MR). ness t a . A second electrode is included and comprise b a free 

An MRAM device integrates magnetic elements, more ferromagnetic layer whose magnetization is free to rotate in 

particularly magnetic memory elements, and other circuits, ^ presence of an applied magnetic field, the free ferro- 

for example, a control circuit for magnetic memory magcetie hyci having fl thickness A spacer layer is 

elements, comparators for detecting states m a magnetic 50 htm ^ n iht ^ fcnomagnetic layer of tb& first 

memory element, input/output circuits, etc. These circuits clcctrode ^ ^ frcc ferromagnetic layer of the second 

are fabricated in thc process of CMOS (complementary cicctrode f or permitting tunrjeling current io a direction 

metal-oxide semiconductor) technology in order to lower the gcncrally ^^M^Ur to thc fixed and free ferromagnetic 

power consumption of the device. Uyer ^ ^ hy6r having A ^ > wh ere 

In addition, magnetic elements structurally include very $$ o^5t a <t a <2l 3 , such that the net magnetic field at the inter- 
thin layers, some of which arc tens of angstroms thick. The f acc betwecn'the free layer and the spacer layer, due to the 
performance of the magnetic element is sensitive to the topology of the other Ecrrc magnetic surfaces, is near zero, 
surface conditions on which thc magnetic layers are depos- The magnetic element furtber includes a metal lead and a 
ited Accordingly, il is necessary to make a fiat surface 1o substrate, the metal lead, the first and second electrodes and 
prevent the characteristics of a magnetic element from 60 tDC spacer layer being formed on thc substrate. Additionally 
degrading. disclosed b a method of fabricating the magnetic element 

During typical magnetic clement fabrication, such as with improved field response. 

MRAM element fabrication, which includes metal films DESCRIPTION OF THE DRAWINGS 

grown by sputter deposition, evaporation, or epitaxy B1U£C v 

techniques, the film surfaces are not absolutely flat but 6$ FIGS. 1 and 2 show cross-sectional views of a magnetic 

instead exhibit surface or interface waviness. This waviness element wilh improved field response according to the 

of the surfaces andVor interfaces of the ferromagnetic layers present invention; 
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FIGS. 3-3 illustrate the coupling field with respect to 
Ihicknass of the metal film layers; 

FIG. 6 iDnsliates (be creation of magnetic poles by 
forming interface roughness; 

FIG. 7 illustrates the magnetic poles created by adjusting 
the interface roughness of the metal film layeis of the 
magnetic element according to the present invention; and 

FIG. 8 illustrates the experimental results of the topologi- 
cal coupling field versus the fixed magnetic layer thickness 
according to the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

During die course of this description, like numbers are 
used to identify like elements according to the different 
figures that illustrate the invention. FIGS. 1 and 2 illustrate 
in cross- sectional views a magnetic element according to the 
present invention. More particularly, illustrated in F1G.1, is 
a fully patterned magnetic element structure 10. The struc- 
ture includes a substrate 12, a base electrode multilayer stack 
14, & spacer layer 16 icchiding oxidized aluminum, and a top 
electrode multilayer stack 18- It is additionally disclosed that 
spacer layer 16 includes either a dielectric material defining 
a MTJ structure or a conductive material defining a spin 
valve structure. Base electrode multilayer slack 14 and top 
electrode multilayer stack IS include ferromagnetic layers. 
Base electrode layers 14 are formed oa a metal lead 13, 
which is formed on a substrate 12. Base electrode layers 14 
include a first seed Layer 20, deposited on metal lead 13, a 
template layer 22, a layer of an tiferro magnetic pinning 
material 24, and a fixed ferromagnetic layer 26 formed on 
and exchange coupled with the underlying anti ferromag- 
netic pinning layer 24. 

Ferromagnetic layer 26 is described as fixed, or pinned, in 
that its magnetic moment is prevented from rotation in the 
presence of an applied magnetic field. Ferromagnetic layer 
26 is typically formed of alloys of one or more of the 
following: nickel (Ni)i iron (Fe), and cobalt (Co) and 
includes a top surface 19 and ft bottom surface 21. Top 
electrode stack 18 includes a free ferromagnetic layer 28 and 
a protective layer 30, Hie magnetic moment of the free 
ferromagnetic layer 24 is not fixed, or pinned, by exchange 
coupling, and is free to rotate in the presence of an applied 
magnetic field. Free ferromagnetic layer 28 is typically 
formed of alloys of one or more of the following : nickel 
(Ni), inxj (Pc) and cobalt (Co). Fixed ferromagnetic layer 26 
is described as having a thickness of tj, wherein t t is 
typically within a range of 5-40 A. Free ferromagnetic layer 
28 is described as having a thickness of wherein t2 is 
generally less than 50 A. Spacer layer 16 is described as 
having a thickness of (3, wherein t3 is generally less than 20 
A for magnetic tunnel junction structures or less than 40 A 
for spin valve structures or the like. During fabrication, r^ is 
chosen such that the magnetic; fields produced by the topol- 
ogy of top surface 19 and bottom surface 21 of fixed 
ferromagnetic layer 26 c oncel to produce near zero coupling 
energy between free ferromagnetic layer 28 and fixed fer- 
romagnetic layer 26. It should be understood that a reversed, 
or flipped, structure is anticipated by this disclosure. More 
particularly, it is anticipated that the disclosed magnetic 
element can be formed to include a top fixed, or pinned 
layer, and thus described as a top pinned structure. 

Illustrated in FIG 2 f is an alternative embodiment of a 
fully patterned magnetic element structure, referenced 10, 
including a synthetic aiitifrrroan agnetic structure 11. Again, 
it should be noted that all components of the first embodi- 
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ment that are similar to components of the second 
embodiment, are designated with similar numbers, having a 
prime added to indicate the different embodiment. Similar to 
the structure described with regard to FIG- 1, this structure 

s includes a substrate 12', a base electrode multilayer stack 
14', a spacer layer 16', and a top electrode multilayer stack 
18'. Base electrode multilayer stack 14' and top electrode 
multilayer stack Iff include ferromagnetic layers, generally 
similar to stack 14- aod 18 of FIG. 1. Base electrode layers 

10 14' are formed on a metal lead 13*. which is formed on a 
substrate 12' and includes a first seed layer 20\ deposited on 
metal lead 13*, a template layer 22', a layer of antifcrramag- 
netic material 24 f , a pinned ferromagnetic layer 23 formed 
on and exchange coupled with the underlying anlifcrramag- 

15 netic layer 24', a coupling layer 25, and a fixed ferromag- 
netic layer 26 { which is antifcrromagrjetically coupled to the 
pinned layer. Ferromagnetic layer 23 and 26* are described 
as fixed, or pinned, in thai (heir magnetic moment is pre- 
vented from rotation in the presence of art applied magnetic 
field. Top electrode stack 18 includes a free ferromagnetic 
layer 28" and a protective layer 30*. The magnetic moment of 
the free ferromagnetic layer 2fl 1 is not fixed, or pinned, by 
exchange coupling, and is free to rotate in the presence of an 
applied magnetic field. It is disclosed that free ferromagnetic 

^ layer 29, includes a Ru antiferro magnetically coupled tri- 
layer 31 as illustrated in FIG. 2. 

Fixed ferromagnetic layer 26' is described as having a 
thickness of t x . Free ferromagnetic layer 28* is described as 
having a thickness of tj. Spacer layer 16* is described as 

30 having a thickness of tg. It should be understood that a 
reversed, or flipped, structure is anticipated by this disclo- 
sure. More particularly, it is anticipated that the disclosed 
magnetic element with SAF structure can be formed lo 
include a top fixed, or pinned layer, and thus described as a 

35 top pinned structure. 

Referring now to FIG. 3, a diagrammatic illustration is 
provided showing the effect of the thickness of the free 
ferromagnetic layer, such as layer 28 of FIG. 1, and the 
relative coupling field of the magnetic clement Magnetic 

40 elements typically utilized in inform alion storage and/or 
sensing devices necessitate the use of thio free kyors to 
maintain low switching fielefe. Yet, as illustrated in FIG. 3, 
when designing devices with these thin free layers, the 
coupling field H^, is increased. The coupling field as 

45 illustrated increases as 1/d^ where d is the thickness of the 
free layer such as 28 or 28'. Accordingly, to lower the 
coupling field adjustments can be made in the remain- 
ing structure of the magnetic element as disclosed herein. 
Referring to FIG. 4, illustrated is the reduction in the 

50 coupling field by adjusting the thickness of the fixed 
layer, such as layer 26 of FIG. 1. As illustrated, by decreas- 
ing the thickness of tbe fixed layer, the coupling field H„, is 
decreased, appro aching near zero . Accordingly, and as illus- 
trated in FIG. 5, a magnetic element, generally similar lo 

55 magnetic clement 10 of FIG. 1, having included in addition 
to free layer 18, a fixed layer having a thickness of 15 A will 
provide for a dramatic lowering shift in the Hep] curve, 
hence the ability to achieve near zero coupling. 

In addition, as illustrated in FIG. 6, by adjusting the 

60 roughness of the interface of the pinning layer in a structure 
such as that disclosed as magnetic clement 10 of FIG. 1, a 
decrease in the magnetic field response coupling can be 
achieved. Referring more specifically lo FIG. 6. h3 is the 
waviness amplitude of an interface surface 25 of AF pinning 

65 layer 24 most remote from free layer 28, h2 is the waviness 
amplitude of an interface surface 27 of fixed ferromagnetic 
layer 26, closest to free ferromagnetic layer 28, and hi is tbe 
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wavioess amplitude of an interface surface 29 of spacer 
layer 16, closest to free ferromagnetic layer 28. Magnetic 
poles arc created by the interface roughness, on, with, period 
X. Interface surface 27 of fixed layer 26 couples positively 
to interface surface 29 cf free layer 28. Interface surface 25 s 
of AF pinning layer 24 couples negatively to interlace 
surface 29 of free layer 28. The Hcpl depends on h34i2, the 
thickness of fixed layer 26 and the X. By increasing the 
roughness of h3 so thai h3>h2, near zero coupling can be 
further achieved in magnetic clement 10. More specifically, 10 
when h3>h2, there win be one point with respect to the 
thickness of fixed layer 26, where the field response cou- 
pling will exactly cancel the magneto-static coupling which 
is aero at d^^-0. 

The roughness of interface 25, or h3, can be adjusted by 15 
increasing or decreasing the thickness of pinning material 
24, ion bombardment, or deposition of a third maleri&L More 
specifically, the roughness of pirrning material 24 can be 
increased or decreased by making pinning material 24 
thinner or thicker, wherein, fixed layer 26 must "heal** the 30 
roughness to result in h3>b2. Typically nickel iron (NaFe) 
will result in proper "healing" to result in h3>h2. Utilizing 
an alternative method to adjust the roughness of interface 
surface 25, ion bombardment is utilized to either roughen 
pirrning material 24 or smooth surface 27 of pinned material 25 
26. Finally, the adjustment of roughness can be achieved by 
depositing a small amount of a third material between 
pinning layer 24 and fixed layer 26 to increase h3, particu- 
larly if the material grows with an island -like structure, 

Next, it is disclosed that the use of non-magnetic seed and 30 
template layers (20 and 22) will result in a decrease in the 
magnetic field response coupling without tbc need for the 
inclusion of a SAP structure. The template layer will add no 
moment to the structure, thus the only magneto -static cou- 
pling is a result of the thin pinned layer included within the 35 
structure, Accordingly, adjustments can be made for the 
canceling of the level of coupling to achieve near zero 
coupling. When template layer 22 is nonmagnetic, and there 
is no SAF, negative magnetostaac coupling due to poles at 



layer thickness decreases in the magnetic tunnel junction 
structure, the coupling Mold decreases, crosses zero, and 
finally becomes negative. Overall the layers in magnetic 
memory element 10 are very thin with magnetic layers 
varying from 3 to 200 A. 

Thus, a magnetic element with an improved field response 
and its fabrication method arc disclosed in which the mag- 
netic coupling is adjusted based on the thickness of the fixed 
ferromagnetic layer, and/or roughness of the interface sur- 
face of the fixed ferromagnetic layer relative to the remain- 
ing metal thin film structure. As disclosed, this techmquc can 
be applied to devices using patterned magnetic elements, 
such as magnetic sensors, magnetic recording heads, mag- 
netic recording media, or the like. Accordingly, such 
instances are intended to be covered by this disclosure 

What is claimed is: 

1. A magnetic element comprising: 

a first electrode comprising a fixed ferromagnetic layer 
having a top surface and a bottom surface whose 
magnetization is fixed in a preferred direction in the 
presence of an applied magnetic field, the fixed ferro- 
magnetic layer having a thickness t^; 

a second electrode comprising a tree ferromagnetic layer 
having a surface whose magnetization is free to rotate 
in the presence of an applied magnetic field, the free 
ferromagnetic layer having a thickness t 2 ; 

a spacer layer located between the fixed ferromagnetic 
layer of the first electrode and the free ferromagnetic 
layer of the second electrode, the spacer layer having a 
thickness t 3 ; 

wherein t a is chosen such that the magnetic fields pro- 
duced by the topology of the top surface and the bottom 
surface of the fixed ferromagnetic layer cancel to 
produce near zero coupling energy between the free 
ferromagnetic layer and the fixed magnetic layer; and 

a substrate, the first and second electrodes, and the spacer 
layer, being formed on the substrate. 

2. A magnetic element as claimed in claim 1 wherein t } is 
chosen in the range, 0J5V } <i :y <2l iy such that the magnetic 
fields produced by the topology of the surfaces of the fixed 



2 a i ^JZa,^ i^^ZX^uZ *° ferromagnetic layer cancel to produce the lowest coupling 

* C *^°'^ energy pebble between the free ferromagnetic layer and the 



controlled by tbc thickness of pinned layer 24. The thickness 
of pinned layer 24 could be chosen to offset the magneto- 
static coupling giving a. centered loop 



energy possible between the free ferromagnetic layer 
fixed ferromagnetic layers without degradation of the elec- 
trical properties of the device. 
3. A magnetic element as claimed in claim 1 wherein the 



Finally, it is disclosed to include a high moment alloy, A$ fiisl electrode further comprises a pinned ferromagnetic 



such as Ni(50%)Fe(5t)%) on at least one side of fixed 
ferromagnetic layer 26 to increase the negative coupling 
contribution to the total coupling effect. 

Referring now to FIG. 7, illustrated is the structure of 



layer and an antifcrromagnctic pinning layer exchange 
coupled thereto, the pinned ferromagnetic layer and the 
antiferromagnetic pinning layer formed between the sub- 
strate and the fixed ferromagnetic layer, the pinned ferro- 
magnetic element 10' of FIG. Z showing the magnetic poles so magnetic layer having its magnetization fixed by antiferra- 
created. During operation of magnetic element Iff as dis- magnetic exchange though a. spacer layer, in a direction 
closed herein, when the total magnetic field from the poles opposite the fixed ferromagnetic layer and thereby defining 
at the interfaces other than the one at the origin of the y axis a g^F structure. 

is near zero, then the topological coupling will be near zero. 4. a magnetic element as claimed in claim 1 wherein the 
When the total field at the y axis origin is negative, then the 55 magnetization directions of the fixed and the free ferrornag- 
topological coupling will be negative or antiferromagnetic in netic layers are one of parallel or antiparallel to one another 
nature. Usually the total field at the y axis origin where the in the absence of an applied magnetic field, 
free magnetic layer lies is positive, thus causing ferromag- magnetic element as claimed in claim 1 wherein the 

netic topological coupling. However, for the structure shown free ferromagnetic layer and the fixed ferromagnetic layer 
in FIG. 7, for certain conditions, particularly when the fixed include at least one of NiFe, NiFeCo, CoFe, or Co. 



layer thickness is thin, topological coupling can be zero or 
even negative. 

The additional interface will produce an even stronger 
cancellation of the coupling from interface 27 than could be 
accomplished by interface 25 alone. Experimental results of 65 
the topological coupling field versus the fixed magnetic 
layer thickness are shown in FIG. 8. As the fixed magnetic 



6. A magnetic clement as claimed in claim 1 wherein the 
spacer layer includes one of a. dielectric material defining a 
MTJ structure or a conductive material defining a spin valve 
structure. 

7. A magnetic element as claimed in claim 1 further 
including a high moment material located at an interface of 
the fixed ferromagnetic layer and the spacer layer. 
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8. A magnetic element as claimed in claim 1 wherein the 
fixed ferromagnetic layer is a high moment material. 

9. A magnetic element as claimed in claim 1 wherein the 
free ferromagnetic layer includes an Ru an tifeiromagaeti- 
cally coupled tri-Uyei. 

10. A magnetic element as claimed in claim 1 wherein the 
spacer layer has a t birfcnessi of less than 20 A. 

11. A magnetic element comprising: 

a fixed ferromagnetic liyer inch] ding a top surface and a 
bottom surface whose magnetic moment is fixed in a 
preferred direction in the presence of an applied mag- 
netic field, the fixed ferromagnetic layer having a 
thickness of t,; 

a free ferromagnetic layer whose magnetic moment is 
oriented generally perpendicular to the moment of the 
magnetic field and is free to rotate away from said 
perpendicular orientation in the presence of an applied 
magnetic field, the free ferromagnetic layer having a 
thickness of and 

a spacer layer located between the fixed ferromagnetic 
layer and the free ferromagnetic, the spacer layer 
having a thickness of tj; 

wherein t x is chosen such that the magnetic fields pro- 
duced fay the topology of the top surface aod the bottom 
surface of the fixed ferromagnetic layer cancel to 
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produce ocar zero coupling energy between the tree 
ferromagnetic layer and the fixed ferromagnetic layer. 
12. A magnetic dement as claimed in claim 11 wherein 
0^St 3 <t 1 <2t 3 . 

5 13. A magnetic: element as claimed in claim U further 

including a high moment material located at an Interlace of 

the fixed ferromagnetic layer, 
14. A magnetic element as claimed in claim 11 wherein 

the fixed ferromagnetic layer is a high moment material. 
jo IS. A magnetic element as claimed in claim 11 wherein 

the free ferromagnetic layer includes an Ru antjferromag- 

netically coupled tri-layer. 
16. A magnetic element as claimed in claim 11 wherein t3 

has a thickness of less than 20 A. 
15 17. A magnetic clement as claimed in claim 11 wherein 

the spacer layer includes one of a dielectric material defining 

a NOT structure or a conductive material defining * spin 

valve structure. 

18. A magnetic element as claimed in claim 11 including 
2a an AF pinning layer fanned adjacent the fixed ferromagnetic 

layer, wherein the roughness of an interface h3 of the AF 

pinning layer, is greater than the roughness of an interface h2 

of the fixed ferromagnetic layer, thereby decreasing the 

coupling field of the magnetic element. 

«. + *** 
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